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SUMMARY

This report describes the work done for the NASA, Langley
Research Center on the WJ-274, a 20 watt space-type travel-
ing-wave tube. The purpose of the program is to study tech-
niques to further improve its overall efficiency characteris-
tics.

The studies resulted in the development of a single helix, PPM
focused traveling~wave tube capable of delivering 25 watts of power
output at 2.3 GHz at an overall efficiency (including heater) of
42.2 percent. These characteristics are achieved with a satu-
ration gain of 34 dB.
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I. INTRODUCTION

This program was undertaken at Watkins-Johnson Company for the NASA Langley
Research Center with the purpose of improving the efficiency performance of a small,
lightweight traveling-wave tube known as the WJ-274. This tube was developed expressly
for space telemetry applications on a program previously sponsored by the Langley
Research Center. Versions of this tube have been space qualified and are currently being
used on such programs as the Saturn V Launch Vehicle where it performs in the vitalrole
of the principal component of the telemetry and tracking transmitters.

The original RF power output level requirements were specified as 20 watts. Subsequent
use of the tube in actual space amplifier systems showed that it is necessary to operate
the tube at the 23 to 25 watt power output level in order to realize a minimum out of the
power amplifier system of 20 watts. This is necessary to compensate for harmonic filter
and output circulator losses, slight power supply voltage changes due to the temperature
environment and line voltage changes over which a practical system must operate. For
20 watt systems, the required tube power level will be considered to be 25 watts.

Background of High Efficiency Work at Watkins-Johnson

Considerable emphasis has been placed on the achievement of high efficiency in traveling-
wave tubes at Watkins-Johnson Company over the last several years. This has been par-

ticularly aimed in the direction of space type tubes because of the importance of efficiency
in the limited primary power budget of orbiting and deep space telemetry and communica-
tion systems.

Either preceding or concurrent with the present WJ-274 development program there have
been several programs which have prime emphasis on efficiency:

The Original WJ-274 Development Program

This program, sponsored by the NASA Langley Research Center, began with the

goal of achieving 20 watts of power output at 40 percent efficiency at 2.3 GHz.The
concept of efficiency improvement through large overvoltage techniques was pioneered
on this program. Forty percent overall efficiency was achieved at the 35 watt level
and 37.8 percent efficiency was demonstrated at the 20 watt level.



The TWT Efficiency Research Program

This program, sponsored by the U. S. Army Electronics Command (USAECOM),
was a basic study into the large signal characteristics and parameters of travel-
ing-wave tubes with the emphasis on developing new techniques for obtaining high
efficiency. Early in the program the spent electron beam emerging from the helix
under small signal and saturation conditions was analyzed with velocity and cur-
rent analyzers. Based upon the measured beam characteristics two variations of
the standard traveling-wave tube configuration were devised in an effort toenhance
efficiency performance. These two variations have become known as the twohelix
approach and the positive taper approach. Both devices demonstrated beam effici-
encies in excess of 40 percent and efficiencies with depressed collector (not includ-
ing heater) of greater than 50 percent. Both of these ideas were used on the pre-
sent program,

Company Sponsored High Efficiency Study Program

Because of the very promising results of the USAECOM program, Watkins-Johnson
began a company-sponsored program to study the effects of variations of the vari-
ous tube parameters and their related effect upon efficiency. The emphasis of this
program was to obtain a basis for scaling tube designs to different power levels
and frequencies. A version of the USAECOM tube was built which could be more
readily adapted to scaling of PPM focused tubes. This program is continuing at

the present time with the emphasis on achieving quantitative agreement between
large signal digital computer calculations and measured large signal, high effici-
ency performance characteristics of some of the traveling-wave tubes built onthe
program.

The 100 Watt Development Program

This program, sponsored by the Jet Propulsion Laboratory of the California
Institute of Technology, hasa design goal of 100 watts output at 2.3 GHz with an
efficiency goal of 55 percent. This is a PPM tube development with space type
hardware as an end goal. At the present time, 45 percent efficiency has been
achieved at the 100 watt level. Development is still underway.



APPENDIX II

PERFORMANCE SUMMARY OF WJ-274-1 TUBES
BUILT BOTH BY R & D AND PRODUCTION

The WJ-274-1 is a tube developed for the Saturn V Instrumentation Unit (IU). After
the initial development of the tube, a number of tubes were built by the R & D group
for delivery. Later a production run of another group of tubes was made by the
production group. The power output, gain and efficiency characteristics of these
two groups of tubes are shown in Fig, II-1. It is interesting to note that both the

R & D and the production runs had the same small spread in both saturation gain
and overall efficiency. The average value of efficiency for both groups was 34
percent.



II. SIGNIFICANT PROGRAM ACCOMPLISHMENTS
WITH SINGLE-HELIX TECHNOLOGY
ON THE WJ-274

General Results

In general, three basic performance characteristics of the WJ-274 have been
improved over the characteristics which existed at the beginning of the program.

The first and most important is the achievement of an overall efficiency (including
heater) of 42.2 percent at a power level of 25.7 watts. The best previous effici-

ency on a WJ-274 at this power level was 37.8 percent which was achieved during
the previous program.

The second important achievement was to improve the RF input-output character-
istics in the vicinity of saturation. The range overwhich the power input couldbe
varied for an output change of less than 0.5 dB was broadened to almost 5 dB. This
makes the tube less sensitive to the power stability of the drive source and also
leads to less critical requirements on the regulation capability of the power supply
voltages. Incidental to this improved saturation characteristic, the small signal
gain characteristic has been improved so that small signal and saturation gain
differ by only 3 dB. The large change from low values of small signal gain to
normal values of saturation gain which are characteristic of highly overvoltaged
tubes has been eliminated.

The third important characteristic which was demonstrated showed that saturation
gains of 30 to 35 dB could be achieved with no degradation of tube efficiency.Previ-
ously, the WJ-274 tubes which exhibited high values of efficiency had gain values

in the range of 18 to 22 dB. The demonstration of simultaneous high gain and high
efficiency now reduces the power level requirements of the RF drive source toless
than 10 MW. This power requirement will considerably improve the reliability of
the drive source. Furthermore, it improves the overall system efficiency by reduc-
ing the dc power input required by the typically inefficient solid state exciter.

Detailed Results

Experimental versions of the WJ-274 were built on this program running from serial
numbers 10 through 18. The designs which achieved significant results were incor-
porated in tubes 13, 17, 18 and WJ-274-6 No. 2. These tubes will be discussed in
detail in this section. Details of the other tubes will be covered in another section.



WJ-274 No. 13

Overall efficiency of the WJ-274 No. 13 reached a peak value of 41.7 percent at
the power output level of 25 watts. Efficiency exceeds 40 percent over the output
range of 20 to 30 watts. This is shown in Fig. 1 where in addition to overall effi-
ency, beam efficiency and depressed efficiency are plotted. Beam efficiency is
the basic efficiency of the device, and it is seen that overall efficiency is a maxi-
mum where beam efficiency is a maximum. Beam efficiency is the RF power out-
put divided by the product of helix voltage and beam current. The depressed
efficiency curve shows the extent to which the beam efficiency can be enhanced
by collector depression. At the best power level, efficiency is raised to 43.7
percent by collector depression which is an improvement factor of 1.39. The
overall efficiency value includes the power dissipation of the heater. The differ-
ence between the upper two curves decreases as the power level of operation
increases because the heater power becomes a smaller fraction of the total power
input to the tube.

Design

The design of tube no. 13 was scaled from the ''positive taper tube' no. 1 of the
USAECOM program. The term '"scaled" should be qualified because not all
parameters could be scaled. Fortunately, the perveance and the ya of the WJ-274
and the USAECOM tube no. 1 were close to the same values. The operating fre~
guencies were in the ratio of 1.0 GHz to 2.3 GHz. The WJ-274 no. 13 had to be
constructed within the restriction of using the same body and helix diameter as
the normal WJ-274 which meant that the ratio of the bodywall diameter to mean
helix diameter would not be the same as the USAECOM tube no. 1. The helix
lengths were chosen to have the same values of BCN at small signal synchronism.
It was felt that this should give close to the same gain under over-voltage condi-
tions because of the similarity of the other controlling parameters of the twotubes.

The helix design of this tube is detailed in Appendix I. Note that approximately
one-third of the active helix is ahead of the attenuator and two-thirds follow the
attenuator. When the same TPI of the helix is used ahead and behind the attenu-~
ator, these relative lengths lead to a saturation gain under maximum efficiency
conditions of approximately 20 dB. Higher gains can be obtained with input helix
modifications from this configuration, but this configuration represents a refer-
ence situation from which performance variations due to design changes can be
evaluated.
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Figure 2 shows beam efficiency performance versus helix voltage with beam
current as the parameter. To correctly understand these curves, it should be
realized that each point on the curves represents a measurement under satura-
tion power output conditions, It is seen that for a fixed value of beam current,
efficiency increases with helix voltage until it reaches a maximum thendecreases.
At each successive increase of current, the efficiency rises to a higher value and
the efficiency maximum moves to a higher helix voltage. Finally at the 45 mA
condition, the efficiency reaches its highest peak. The peak values of efficiency
then decrease for higher values of beam current. Note that the values of RF
power output are indicated at the maximum efficiency points for the three high-
est curves. These lie in the desired range of 20 to 25 watts out. It should be
noted that this is pre-fade data taken to show the true interaction properties of
the tube without the effect of the losses due to helix and dielectric heating. Fad-
ing under continuous conditions at the highest power levels amountedto 0.2dB

or less.

Figure 3 shows the saturation gain associated with each point on the curves of
Fig. 2. It is seen that the saturation gain decreases with increasing helix volt-
age. At the higher beam currents the gain is a linearly decreasing function of
helix voltage. If the points corresponding to the peaks of the efficiency curves
are plotted on the gain curves, a locus of points is found which lies between 20
and 23 dB over the entire range of helix voltage. This is shown as the dashed
curve in Fig. 3. The implication of this is that the efficiency is limited by the
gain beyond the attenuator. When the gain beyond the attenuator reduces to a
value of about 26 dB, the large signal effects in, the beam reach from the output
of the helix all the way back to the attenuator. At this point, any further
decrease in gain does not allow the proper relationship to be established between
the fundamental component of RF helix voltage and the fundamental component of
the RF beam current and efficiency then decreases rapidly with further overvolt-

aging.

The overall gain of the tube is less than the gain beyond the attenuator
because of the 7 dB launching loss in the input helix section and the approxi-
mately 6 dB "'sever loss' due to the beam drifting through the field free atten-
uator region and having to establish the growing wave beyond the attenuator.
The net gain of the input section is insufficient to compensate for these losses
and as a result the overall gain of the tube is less than the gain beyond the
attenuator.
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Figure 4 shows the effect of frequency on beam efficiency at various beam current
levels. These data do not correlate exactly with the data of Fig. 2 as they were
taken under slightly different conditions. They, however, show that the tube per-
formance is centered at 2.3 GHz.

Figure 5 shows broadband data at a fixed set of conditions. A power output of 25
watts was achieved at an overall efficiency greater than 40 percent over the 200 MHz
bandwidth from 2120 to 2320 MHz. The peak overall efficiency, which occurs at
2.3 GHz, reached a value of 41.8 percent. The corresponding beam efficiency is
31.2 percent. Both of the values are realizable after-fade efficiencies taken under
CW conditions. The two curves plotted show the importance of the correct adjust-
ment of the magnetic field in the PPM stack. By empirically adjusting the cell
values of the magnetic field it was possible to raise the beam efficiency so thatthe
power output increased from 23 to 25 watts. Depressibility of the collector was
also improved so that maximum efficiency occurred at a collector voltage of 1060
instead of 1160 volts. Helix current interception only increased 1.0 mA under the
maximum efficiency conditions.

Figure 6 shows a power output versus power input characteristic. There is only a
3 dB difference between small signal and large signal gain under best efficiency
conditions. This should be compared with tube no. 4, for instance, which was built
during the previous development program. 1 That tube contained no positive taper
and at conditions which gave 25 watts at this frequency had an 11 dB difference
between small signal and large signal gain.

The broadness of the saturation region of the input-output characteristic alsoimproved
with the use of the positive taper. This is shown in Fig. 7 . The power outputvaries
no more than 0.5 dB from the maximum for a 4.85 dB variation in drive signal.

Conclusions on WJ-274 No. 13

Some interesting conclusions can be drawn about tube no. 13 and the effect of the
positive taper when it is compared with a uniform helix tube. It is compared in
Table I with WJ~-274 no. 4 which had the best overall performance of the uniform
helix tubes developed on the previous program. Tube no. 13 at the 25 watt levelis
compared with tube no. 4 at the 25 and the 35 watt level.

Note that the beam perveance at the 25 watt level of the two tubes is the same. Exper-
ience has shown that this will give approximately equivalent focusing performance.
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TABLE 1

COMPARISON OF UNIFORM AND TAPERED HELIX TUBES AT 2.3 GHz

Tube No.
RF Power Output
Helix Type

Po (u Pervs)

I, Vg (Watts)

No (%)

VHelix (volts)

I, (mA)

VCollector

VCollec’cor

VHelix

IHelix (mA)

14

No. 4 No. 4 No. 13
35 watts 25 watts 25.4 watts
Uniform Helix Uniform Helix Positive Taper
No Taper No Taper

0.960 0.815 0.814

112 87.5 81.5

31.3 28.6 31.3

41.5 39.5 43.6

1.33 1.38 1.39

1686 1627 1590

66.2 53.8 51.2

1240 1130 1060

0.735 0.695 0.68

11.0 6.0 7.0
P, Beam Perveance - _E_o_

Vi 3/2
- Py
Mo Beam Efficiency - -
v
o YH
PrrF
n Depressed Efficiency =
D Vax Ian "ValH *Veoll Icol

m Efficiency Improvement Ratio
Iy Beam Current = et looll




The taper allows tube no. 13 to have a higher beam efficiency (31.3% versus
28.6%) at this power level. In fact, no. 13 has achieved the same beam effici-
ency at the 25 watt level that no. 4 did at the 35 watt level.

The efficiency improvement ratio due to collector depression is almost identical
in no. 13 and no. 4 at the 25 watt level. From this it is seen that the improve-

ment of the depressed efficiency in no. 13 is due entirely to the improvement in
beam efficiency.

Even though the same beam efficiency was achieved in no. 13 at 25 watts as in
no. 4 at 35 watts, the depressed efficiency was greater in no. 13. Because of
the returned electrons to the helix, the collector in no. 4 could only be depressed
to 0.735 of the helix voltage for maximum efficiency versus 0.68 of helix voltage
for no. 13.This is due tothe higher perveance inno, 4 and leads to the higher helix
current interception at maximum efficiency.

The use of the taper allows the achievement of higher beam efficiences at lower
perveance levels. This has the advantage of allowing greater overall efficiencies
to be achieved because of the better depressibility characteristics of the lower
perveance beam.

WJ-274 No. 17

The design of WJ-274 no. 17 is patterned after the electrical design of no. 13with
some modifications. As can be seen from Appendix I, it has a slightly longer sec-
tion following the attenuator and a slightly longer taper section. Its major differ-
ence, however, is the 58 TPI input section which operates close to the maximum
small signal gain. The gain is improved by 10 dB or more (depending on the exact
conditions compared) over tube no. 13.

The major reason for building no. 17 (and also no. 18 which follows) was to try to
get around helix loss problems which appeared to be leading to efficiency reduc-
tion. The problem became particularly severe on the two-helix tubes (Nos. 14,
15 and 16) because of constructional difficulties. However, loss measurements
which could be made on the short attenuatorless helix section in the two-helix tubes
indicated that variations in loss were probably resulting in variations in efficiency
from tube to tube. As much as four percentage points in variation in efficiency
(14% change) has been found on production versions of the WJ-274 known as the
WJ-274-1. Looking back on these results and knowing the rigidity of the controls
on uniformity from tube to tube, loss variation is the most likely answer to the
problem.

15
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The source of this loss and also an explanation to its variability lies in the helix
lock-in technique which has been used up to this point. The technique used up
through tube no. 16 depended upon the flow of a brazing alloy into the region
between the back of a close fitting helix support wedge and the inside of the body

of the tube. The alloy used for this purpose contained some silver. Lossremained
low during assembly of the tube, but during the bakeout process with a high vacuum
inside the tube envelope, the vapor pressure of the silver would allow it to sublime
and deposit on the helix wedges in the vicinity of the helix wire. This thin film,
depending on the surface resistivity of the deposit, could contribute to a large com-
ponent of helix loss. This loss in turn would have a direct bearing on the efficiency.
The variability could come about from different temperature and internal vacuum
levels which would occur from tube to tube during processing. This would result
in variations in the deposition rate and thus the resulting helix loss. This loss
mechanism was confirmed by constructing and processing short attenuatorless
helix sections and measuring loss changes. Loss in excess of 1 dB per inch was
measured. It cannot be measured on a conventional tube with internal attenuator.
This is why it was not discovered before.

It was reasoned that tube no. 13 might have some residual loss problem despite
the fact that it performed well. Comparing its performance to the 1.0 GHz tube
from which it was scaled, its power input-output curve was identical except in
the region of saturation. This difference could be attributed to loss.

The construction technique for the helix-body section of tube no. 17 was radically
changed. The helix was locked-in to the barrel by the triangulation technique of
deforming the body, inserting the helix and releasing the body to hold the helix by
compression. It required a change in the body material to one which maintained
tension on the helix even through the high temperature bakeout cycle. Itrequired
changes in the barrel ID and OD to accommodate different fits between helix, body
and magnetic pole pieces. In this process, the pole pieces cannot be put onto the
body until the helix insertion is complete. They must be loose enough to slide in
place which leaves something to be desired from the standpoint of tightness of
the pole piece fit to the body. Focusing is bound to be more difficult due to the
slight transverse magnetic field components that can occur.

The triangulation technique for helix lock-in to the body eliminates, of course, the
need to have any silver containing brazing alloy in the neighborhood of the helix
and thus should eliminate any helix loss due to this source. This was checked out
in an experimental test where transmission loss was measured through a three



inch section of helix after assembly, aftgr a furnace cycle to brazing tempera-
tures and after a vacuum bakeout to 550 C. Loss was found not to change due to
any of the processing.

Tube no. 17 was assembled, processed and placed under test. Figure 8 shows
the standard plot of power output, saturation gain and beam efficiency versus
helix voltage for three different values of beam current. This was measured at

a frequency of 2.3 GHz. The beam efficiency reaches a maximum of 30.7 percent
at a current of 50 mA and a helix voltage of 1580 volts. This is within 0.5 per-
cent (or 0.07 dB) of the beam efficiency reached on tube no. 13 and shows that
equivalent performance was achieved with an accompanying gain of 30.5 dB, an
increase of over 10 dB. These data were taken under peak magnetic field condi-
tions of 1000 gauss.

Figure 9 shows performance versus frequency with current and voltage fixed. It
is seen that the frequency of optimum efficiency is 2. 2 GHz at the 50 mA condi-
tion. The peak beam efficiency obtained is 31.8 percent, which exceeds that of
tube no. 13. Again it is seen that careful optimization of the magnetic field pro-
gram leads to improved power output and efficiency. The longer output helix sec-
tions on tube no. 17 appear to have shifted the peak efficiency point toward lower
frequencies. This same effect of the shift toward lower frequencies has been
observed on other high efficiency tubes with longer output helix sections.

Note that beam efficiency is plotted in Fig. 9 instead of overall efficiency. This
is done because of the poor focusing characteristics of this particular tube and
the resulting inability to depress the collector voltage very much. The focusing
is poor because of the type of pole pieces used and the fact that they were not
tight to the tube body. These pole pieces are die-punched parts brazed back to
back instead of the machined pole pieces used on tube no. 13. This type of pole
piece had been successfully used on tubes where the pole pieces were brazed to
the body. In the case encountered in tube no. 17 where the pole pieces are slid
on over the triangulated body, even though they fit very snugly after assembly
they were loose after bakeout. They were tightened by deforming the hubs with
a special tool, but this did not make them sufficiently tight. The machined pole
piece, because of its greater inherent mechanical strength, does not loosendur-
ing bakeout and with the proper treatment of the surfaces involved can be made
to stick firmly to the body by a diffusion-weld during bakeout. This latter effect
makes the focusing adjustments on the tube very much simpler and makes the
focusing much more stable.

17
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Figure 10 shows an input-output power curve at two different beam currents.It

is similar to tube no. 13 in that it shows a large improvement over that of a
uniform helix tube. The small signal and saturation gain differ by 7 dB in the

50 mA case. In the saturation region, the width of the response 0.5 dB down
from the maximum is 4.4 dB under the same conditions. Both of these character-
istics are not quite as good as no. 13. The saturation width is only 0.45 dB
narrower while small to large signal gain change is 4 dB greater. This latter
characteristic is not important to high efficiency tubes except that itappears to

be related to the 0.5 dB saturation width.

Conclusions on WJ-274 No, 17

This tube demonstrated a slightly higher beam efficiency than tube no. 13, but
this maximum efficiency point has moved 100 MHz down in frequency to 2.2 GHz.
At 2.3 GHz, the efficiency is within 0.5 percentage points of no. 13. The slightly
higher beam efficiency at 2.2 GHz probably indicates only a slight improvement
in the helix loss situation. This means that no. 13 has little additional loss due
to evaporated silver over the basic loss of the helix. No. 17 has shown a slightly
narrower '"0.5 dB saturation width."

The real improvement demonstrated with no. 17 is the ability to increase the gain
of the tube by over 10 dB without degradation to the beam efficiency. The tube can
now meet the 30 dB gain minimum requirement.

It is felt that the poorer focusing properties of tube no. 17 is due entirely to the
poorer magnetic circuit properties. The helix interception current under dc con-
ditions as well as the helix interception under drive with no depression both indi-
cated bad beam transmission. This latter interception was 12 mA and under

normal situations which result in good depression there is only 3 mA interception.

There was a problem on assembly which led to both loose pole pieces and non-
uniform period in some cells. This is a correctable problem. The inability to
depress the collector potential with low helix interception is directly attributable
to focusing problems.

WJ-274 No. 18

The design of WJ-274 No. 18 is again patterned after the electrical design of no.
13 with some modifications. As can be seen from Appendix I, no. 18 is more
like tube no. 13 than no. 17 primarily because it has the same TPI for the helix
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sections ahead of and following the attenuator. It also has the same lengthtaper
section as no. 13. The tube nos. 17 and 18 were essentially built simultaneously
so that the design of one could not be based on the results of the other. Instead,
alternative designs based upon no. 13 were chosen. Tube no. 18 was also con-
structed with the triangulation lock-in technique for the helix. The same pole piece
problem exists on this tube as on no. 17, however the problem in non-uniform mag-
net period was corrected. Focusing performance has been considerably improved
on this tube but it is still not as good as on no. 13. As a result the depressibility
is much better than no. 17 but still does not match no. 13.

Since tube no. 18 does not have the synchronous input sections of helix, it is not
expected to have as high a gain as tube no. 17.

Figure 11 shows the standard plot of power output, saturation gain and beam effic-
iency versus helix voltage for several values of beam current. It is seen that the
beam efficiency of 32.2 percent at 2.3 GHz exceeds that of tube no. 17 and is also
better than the after fade beam efficiency of tube no. 13 which was 31.8 percent.
Saturation gain at maximum efficiency is 29 dB. At 50 mA and 1550 volts the
power output is just 25 watts. Data were taken also with the magnet stack changed
to a peak magnetic field of 1050 gauss. The effect of this was to lower power and
beam efficiency. The effect of the magnetic field change on gain was negligible.

The implication that better beam efficiency might be obtained by lowering the peak
magnetic field to 950 gauss was not explored but offers a good possibility.

Figure 12 shows the plots of power output, saturation gain and beam efficiency
versus frequency. In this tube, the beam efficiency peaks in the frequency range
between 2.3 and 2.4 GHz. It goes as high as 33.0 percent at a beam current of
60 mA.

Figure 13 shows the input-output power curves at the 40 and 50 mA values of beam
current. The 50 mA curve exhibits only a 4 dB difference in gain between small
signal and saturation gain. This also leads to a broad top on the curve in the satu-
ration region. The "0.5 dB saturation width' allows a 5 dB variation in drive power.
This is better than tube no. 13.

Figure 14 shows the collector depression characteristic. Under the 1000 gauss con-
ditions, the overall efficiency rises to slightly over 40 percent. With the higher
beam efficiency that this tube exhibits, it would reach a higher overall efficiency
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if the primary helix current interception were not so high. Helix current intercep-
tion in the collector voltage region between 1200 and 1400 volts represents the cur-
rent intercepted on the helix due to RF defocusing as the beam passes through the
large signal section at the output end of the helix. Under these conditions, it
should be 3 to 4 mA. Because of the magnetic field problems, 7.5 mA was the min-
imum primary interception that could be achieved. The rise in helix current
below 1200 volts is due to reflected electrons from the collector and determines
the lower limit to which the collector voltage can be depressed.

Figure 14 also shows the effect of the higher peak magnetic field in the PPM stack.
It decreases the beam efficiency which in turn lowers the overall efficiency. The
rate of change of efficiency with collector voltage is about the same at either value
of magnetic field.

Conclusions on WJ-274 No. 18

Tube no. 18 has exhibited the best beam efficiency at the 25 watt level of any of
the positive taper design tubes. If it had not exhibited focusing problems due to
the change in the pole piece and construction technology, it would have been the
tube with the highest overall efficiency. The depressed efficiency (not including
heater) could possibility have gone as high as 44 percent. In addition, this tube
exhibited the broadest saturation region of any of the tubes built on the program.

WdJ-274-6 No. 2

This tube is being reported here even though it was not built on this program.This
is a tube being built for the Jet Propulsion Laboratory on a fixed-price contract.
It was to be built using the best design resulting from this Langley Research
Center development program. The design of the tube used the input helix design
of tube no. 17 and the output helix design of tube no. 13. It incorporated some
mechanical improvements to overcome the loose pole pieces and magnet problems
of nos. 17 and 18. The pole pieces were locked onto the body of the tube so that
no rotational motion was allowed. These changes led to extremely good focusing
performance and this tube has given the best efficiency performance yet seen with
the WJ-274 tube type.
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The plots of power output, saturation gain and beam efficiency are shown in Fig.
15. At 25.7 watts, gain is 34 dB and beam efficiency 32.5 percent. This repre-
sents best achieved performance on any WJ-274 to date.

Figure 16 shows power output, saturation gain and overall efficiency versus fre-
quency. Power output and gain are seen to be very flat across the range 2.2 to
2.3 GHz. Overall efficiency lies between 41 and 42 percent from 2.110 to 2.390
GHz.

Figure 17 shows the depression characteristics of the collector with helix current
remaining below 7.5 mA at maximum efficiency. The depressed efficiency before
accounting for heater power reaches 44.3 percent.

The input-output curves are shown in Fig. 18. Note that the small signal gain lies
within the gain values across the saturation region. The power input range corres-
ponding to 0.5 dB decrease in power output is 5.0 dB.
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III. TWO-HELIX TUBES

Design Basis for the Two-Helix Tubes

The design of the two-helix tubes are based upon scaled designs of the Niclas-Gerchberg
two-helix tubes built on the USAECOM High Efficiency Study Program. In actuality this
turns out to be very similar to the design of WJ-274 no. 13 if the positive taper section

is separated from the rest of the helix and operated independently. The helix designs

are shown in Appendix I and correspond to tube nos. 14, 15 and 16. The first helix sec-
tion is designed to operate at a perveance of 0.8 X 10_6 and the second section will be

at a lower perveance. It is intended that the operating voltage of second helix be explored
experimentally to determine its best operating conditions. From the results of Niclas-
Gerchberg, it was known that the second helix should operate at a voltage which was
higher than the first, corresponding to an increasing voltage jump.

The physical layout of the tube is shown in Fig. 19. The first helix section is actually
made up of two separate helix circuits with their own center terminations. Since this
combination can be run as a separate tube with its own input and output terminals, itis
referred to as the "first helix". Because this first helix section is made up of two
independent helices it is easy to construct the input and output terminals to be physically
oriented at right angles with respect to one another. It can be seen from Fig. 19 that
this eliminates interference between connectors that would occur if the output terminal
of the first helix and the input terminal of the second helix were parallel to one another.
The two connectors of the second helix are oriented in line because this is one contin-
uous helix and relative orientation restrictions occur because of the location of the helix
support wedges. It is easier in this case to put the connectors in line.

33



*$T *ON oqn], o} puods
_01X00 suorsuowiIp osoy], ‘wexdoxd ayj uo jymq saqn) XI[ey-omj Jo uorjeIn3IFUOD pue SUOISUSUIIP Sutmoys yo3eds - 6T *S14

- SurmeIp 9y} WO PIjBUiwI[d
uooq aAey sooo1d orod oels
joudew Jo jsour ‘AJ1Ie[d I04 :9ION

uo1}098
X11oH uo1309g
puoo9g 19A98 uoT}09g XI[OH 18I1d
89 N 190 — /" —\/7 \/ — \
29 ‘ON 09 'ON
1120 1190

©

107997[0D ﬂ sooo1g o10d uno

mding ! nduy !

gy u

gg%9°0 8030 |=ee— S¥T°9

L}
- 8169

17942
34



The tube is constructed by first independently building the first helix section and the
second helix section. These are then joined at the sever and the gun and collector sub-
assemblies are added last.

Problems Encountered on the Two-Helix Tubes

Several problems were encountered with tube no. 14 ,the first two~helix tube constructed.
Some of these problems involved the construction and some involved the RF characteris-
tics. The construction of the tube turned out to be much more time consuming and diffi-
cult than anticipated. To correctly solve the constructional difficulties would require
different constructional techniques.

The RF problem which was most detrimental to tube performance was the helix loss prob-
lem. This occurred during brazing assembly and vacuum bakeout of the tube. Because

of the difficult heating problem during the bell-jar braze at the sever, the body was over-
heated and an excess of the silver-bearing brazing alloy flowed into the interior of the

tube. A cross-sectional view of the sever region is shown in Fig. 20. The left-hand and
right-hand sections are aligned with a metal part indicated as the sever joining segment.
This was then brazed in place by a radiation heater placed around this joint which raises
the temperature of these parts until the brazing alloy, which fits in the two grooves shown,
melts and fills the joint. This is a standard technique used under many different situations
to successfully join two tube body halves at the attenuator sever. This joint, at a typical
body sever in the center of an attenuator, is fairly well thermally isolated since only the
thin body wall and the sever joining segment need be heated. However, the situation

shown in Fig. 20 is more complicated. The adjacent pole pieces and the outer conductors
of the striplines represent a considerable heat sink. It was found that to bring the joint

up to the melting point of the brazing alloy it was necessary for a much longer application
of heat to accomplish this braze. Since the helices are already mounted in the body assem-
blies at this time, it subjects them to excessive temperature and the possibility of flowing
excess alloy down the barrel and around the helix region. Later transmission loss measure-
ments on the short attenuatorless output helix sections showed that helix loss increased
even during hydrogen furnace heating cycles in the presence of excessive alloy.

A further source of helix loss occurred during the vacuum bakeout when the internal tube
pressure decreased to the point where it was less than the vapor pressure of the silver
bearing alloys. The silver metal sublimed onto the helix wedges further increasing the .
loss and caused leakage resistance between the second helix section and the body of the tube.
On tube no. 14, a 10K leakage resistance appeared after processing of the tube. This

was arced off using a high voltage supply so that the tube could at least be operated.
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Further measurements of the RF loss of the second stage helix showed it to have an
attenuation of 1.4 dB where a loss of only 0.25 to 0.30 dB was expected.

Figure 21 shows power, gain and efficiency performance of the first helix section of

tube no. 14 alone. With this helix design, this section alone should have produced 20
watts at a beam efficiency of 27 percent. It is seen that due to the large value of helix
loss, the performance is far below normal with a peak beam efficiency of 12.2 percent
and a power output of 8.9 watts. With voltage difference applied between the helix sec-
tions, it was found that second helix current interception increased very rapidly with

the difference voltage. Power output also decreased with increased second helix voltage.
This was not expected and did not correspond to the results on the two-helix tubes of
Gerchberg and Niclas. This may be due to the large helix loss.

Tube no. 14 was partially dismantled to the extent of removing the gun and collector sub-
assemblies. An organic etching solution composed of formicacid and hydrogen peroxide
followed by ammonium hydroxide and hydrogen peroxide was passed through the body in
the helix region. This was in an attempt to remove the deposited metals on the wedge
surface. These solutions were subsequently washed out in an ultra-clean alcohol bath.
Any remaining microscopic quantities completely breakdown in a vacuum under temper-
ature into nitrogen, carbon dioxide, water vapor, and oxygen and leave no residues harm-
ful to the cathode.

Tube no. 14 was retested and gave results shown in Fig. 22. This is even poorer per-
formance than that shown in Fig. 21. Output power of both helix no. 1 and no. 2 are
shown. Evidently, the loss problem was only made worse. These tubes showed a power
fade after application of RF drive of 1.6 dB. This is a very large value and shows the
extent of the problem. The measurement setup used in these tests is shown in Fig. 23.

WJ-274 No. 15

The assembly techniques were changed on this tube to allow for furnace brazing of the
two helix sections together rather than using the bell{jar brazing technique. This method
should prevent overheating of the body-helix structure in the neighborhood of the sever
because of the better temperature control that can be accomplished in the furnace. It
would have to be a dry hydrogen braze, however, so that the tube attenuator would not

be deteriorated.

Construction of the tube proceeded to the point where the two helix sections were to be

joined by the furnace braze in dry hydrogen. The lock-in of the helix to the body was
to occur at the same time. During the braze, the output of the first helix section
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developed a VSWR greater than 4:1, The exact cause was not determined, but could
have either been due to alloy bridging two-helix turns or a movement of the impedance
wall transducer causing it to touch the helix. In any case, the tube was rendered
unusable. The output section was removed and used in tests with organic etching solu-
tion prior to reworking tube no. 14 which was described previously.

Discussion of Disadvantages of the Two-Helix Approach

Two-helix tubes were built on this program and also on the 100 watt development program
for the Jet Propulsion Laboratory. Both programs met with about equivalent success on
this type of tube. The results of the construction and testing of these tubes did not prove
or disprove the value of the two-helix tubes as an efficiency enhancement device. But,
from the experience gained on these two programs, certain disadvantages of this type

of tube can be seen. These are discussed below:

1. Construction Complication

The construction of the two-helix tube is difficult. It took more than twice the
effort to construct it compared to a comparable single helix tube. The config-
uration of the second sever is not ideal. There is almost no room to mount the
impedance reducers at the helix to coax transistions and fasten them inside of

the tube barrel because of the restricted space. In addition, the body braze
becomes very difficult at the second sever. This is due to the fact that thereare
rigid pole piece and outer conductor assemblies on either side of the second sever.
These drain the heat away from the braze joint and require a much longer applica-
tion of heat to accomplish this braze.Since the helices are already mounted in the
body assemblies at this time, it subjects them to excessive temperature and the
possibility of evaporation of lossy coating onto the helix support rods. This

could ultimately be corrected by redesigning this joint to be closed with a heli-
arc weld. The body and sever parts would have to be redesigned in this area.

The technique of performing the weld would have to be worked out with practice
pieces and perhaps special electrodes because the accessibility of the joint is
poor because of the window mounts which overlap the joint.

2, Drift Length of the Sever

The second sever occurs in the large signal region of the electron beam inter-
action. Since there is a practical minimum mechanical distance of two magnet
cells from the end of the helix no. 1 to the beginning of helix no. 2, the electron
beam must drift in a field free region for this distance. This is not goodpractice
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in the large signal region because appreciable space charge forces exist in the
beam at this point. These can cause debunching in the absence of a strong RF
electric field on the helix and quite possibly will effect efficiency performance.
Even with the same physical length as in the Niclas-Gerchberg two-helix tube, it
will be electrically twice as long because of the operating frequency which is
slightly more than twice as high. No experiments have been performed to show
how critical this drift length is on efficiency performance.

Secondary Electron Emission at the Second Sever

This problem confuses the picture of beam transmission. The three current com- ‘
ponents due to (1) primary electron interception, (2) secondary electron intercep- ’
tion and, (3) returned electrons from the depressed collector are indistinguishable.

The dissipation due to the secondary electron component is much lower because

the electrons are accelerated only across the voltage difference between helices.

It is hard to judge how much electron interception can be tolerated under these

conditions before damage is done to the helix, It further confuses the meter read-

ings because the helix which emits the secondaries has that current component

subtracted from its primary interception component and can in some cases read

negative becasue the secondary current is greater than the primary.

Impedance Matching of Second Helix

Matching of the short, low-loss, unattenuated second helix to the external trans-
mission line is a difficult task because we have not been able to find a satisfactory
way to adequately terminate this short section of helix. Since it cannot be properly
terminated, standard reflection coefficient or VSWR measurements made looking
into the helix through the external transmission line do not give a simple picture of
the discontinuity between the helix and transmission line. In the normal helix with
center attenuation, the helix is so well terminated that the discontinuity between
the helix and the transmission line represents the only source of reflection. In that
case it is simple to adjust the transition for minimum reflection. In the case of the
short low-loss section of helix, it is necessary to attempt to terminate the helix
with an insertable termination. We were not able to make one with a sufficiently
low reflection coefficient of its own and enough attenuation to isolate the discontin-
uity at the opposite end of the helix. Any matching adjustments cancelled out some
of the termination reflection and some of the discontinuity component from the
opposite end of the helix as well as the discontinuity between the transmission line
and the helix. As a result, the effective reflection coefficient of the transmission



line to helix transition is an unknown. This is a problem at both ends of this short
helix section.

Ion Trapping

One problem which arises as a direct result of the two-helix operation with the
helix No. 2 at a higher potential than Helix No. 1 is the trapping of ions in the
Helix No. 1 region. The anode which is at a higher potential than the helix acts
as an ion block to keep the ions from draining into the cathode for long life reasons,
With the helix No. 2 at a higher potential than Helix No. 1, a potential well is
formed. Ions which are created by collisions between electrons of the beam and
neutral gas molecules in the Helix No. 1 region, do not have enough energy to
climb the potential barriers and build up to form an appreciable ion space charge
in this region. They tend to neutralize the electron space charge of the beam
thereby shrink the beam diameter and form an ion cloud on the tube axis. The
RF performance of the tube changes in the presence of the trapped ions because
of the change in the beam diameter. The presence of the ions also will induce
ion noise modulation on any signals which the tube is amplifying. The magnitude
of this effect has not beenmeasured in this tube, but has been the subject of
extensive studies elsewhere and has been shown to result in very real problems.

As of the present writing, no satisfactory means of draining this ion beam in this
configuration has been devised. Because of the magnetic containment of the beam,
the ions cannot be drained radially through the beam to an electrode placed in the
tube at the proper location and potential.

Extra Voltage Requirements

A further disadvantage of the two-helix structure is the requirement of an extra
voltage for Helix No. 2. This is a complication to the power supply and will in
general lead to a slightly lower power supply efficiency because of the added trans-
former windings, rectifiers and filters required.

This added voltage requirement means that the Helix No. 2 must operate at a volt-
age difference with respect to the body of the tube. There is always the possibility
of voltage breakdown or leakage currents building up with time. This latter might
occur due to ion deposition of material on the helix rods during the course of life
of the tube. This problem does not exist on a tube in which the helix operates at
body potential.
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7. External DC Blocks

The requirement for the Helix No. 2 to operate at a potential difference with
respect to the body also requires a means for isolating the center conductor of
the external transmission line from this helix. This then requires a dc block at
both windows capable of withstanding the voltage difference. This must be done
in such a way that a very high reliability of performance is assured under the
full environmental range of conditions including performance through critical
pressure. A failure of this dc block could render the tube inoperative. In addi-
tion, one of the blocks must be designed to also apply the voltage to the Helix No,
2 without interfering with the RF properties of the block. Commercial versions
of such a device are available for use in laboratory tests. It is bulky and unsuit-
able for use in space systems. A specific device would have to be developed cap-
able of meeting all the requirements.

Conclusions on the Two-Helix Tubes

The results of the tests were certainly not conclusive since efficiency results were
masked by loss problems and also to some extent by focusing. It became clear that
the construction of this type of tube would always be considerably more difficult. To
build a successful version would require special effort to work out certain construc-
tional problems previously discussed. While these two-helix tubes were being con-
structed, significant advances in the efficiency performance of single-helix, unipotential
helix tubes were being achieved on other programs. In addition, an understanding of
the parameters controlling efficiency were beginning to emerge from these studies. It
was then decided that the best use of the remaining program effort would be to concen~
trate on single-helix tubes and to change construction techniques sufficiently to get
around the loss problems which appear to be potentially inherent with the current con-
struction. This effort led to the construction of tube nos. 17 and 18 which were des-
cribed in a previous section.



IV GENERAL CONCLUSION

This report describes a program which explored various designs of the WJ-274 traveling-
wave tube with the intent of obtaining an improvement in efficiency. Both single-helix
(one-helix potential) and two-helix designs were built and tested.

The two-helix experiments were not successful mainly because of construction difficulties
and the resulting helix loss problems. It was determined that the two-helix tubes were
always more complicated and difficult to build. If an equivalent performance with a single-
helix tube could be obtained, this would certainly be the desirable approach.

By far the best performance was obtained with single-helix tubes using a "positive taper"
helix design. The following performance was achieved with the best design developed on
this program:

Overall Efficiency 42.2 percent at 2,3 GHz

Greater than 41 percent from

2.11 to0 2.39 (Hz

Saturation power output 25 watts
Saturation Gain 34 dB
Focusing PPM
Cooling Conduction
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APPENDIX I

HELIX DESIGN DETAILS OF TUBE NOS. 10 THROUGH 18

The tube type designation WJ-274 with no dash number indicates experimental tubes
and as such the serialization of the tubes has been carried over from the originaldevel-
opment program (tube designations WJ-274-1, WJ-274-2, etc. indicate tubes built to
meet a specific developmental specification). On the program being reported here,
tube nos. 10 through 18 were constructed. The following section gives a brief history
and helix design detail of each tube built on the program. The other tube design para-
meters and construction detailslare thoroughly described in the final report of the
original development program.

WJ-274 No, 10

This tube was constructed to duplicate the electrical design of tube no. 4 of the previous
program which gave the best overall performance results. It has a slight modification
to the collector nose so that there would be no RF coupling from the end of the helix to
the collector. This was done so that the collector could be used as an RF current sampler
of the spent electron beam emerging from the helix. It amounted to a simple approachto
the current analyzer that was built by Niclas and Gerchberg on the USAECOM High Effic-
iency Study Program. The collector cooler on this tube was designed so that beam col-
lector element in the tube was completely shielded and connected to a coaxial line. The
dc voltage was applied to the collector element by a dc block and dc side arm connection
in the coax line. The ac (ie. RF) component of the collector current was carried by the
coax line through a low pass filter to a sampling scope. By this means the fundamental
component of the beam current could be measured in both phase and amplitude. The
fundamental component of the RF helix voltage was coupled from the RF output of the tube
by means of a directional coupler and also fed to a sampling scope. By this means, the
phase and amplitude of the fundamental RF voltage and beam current were measured as

a function of RF input signal level over the range from small signal to beyond saturation.

Measurements of the phase and amplitude of RF voltage and current were measured as
a function of a wide range of helix voltages at different beam currents. From thesedata,
the position for the beginning of a positive taper was chosen for tube no. 11.



* 61 TPI
N 61, P S.Tx*
| |
—0.30 ‘-1.07—-{0.59 & 2.90 0.30 |e—
0. 70
—— 1.96 3.90 -
- 5.918 -

Helix Design of Tube No. 10
* Note that the dashed lines denoting the beginning and end of the attenuator indicate
the point where the attenuation has dropped to 1 dB as determined by RF probe
measurements of the signal level on the helix and attenuator. This arbitrary point
is used as the effective beginning and end of the attenuator.

** S, T. This signifies the Spread Turn Impedance matching section which is five
turns of a variable pitch helix. Lengths on all tubes are the same.

WJ-274 No, 11

This tube exhibited an efficiency improvement ratio of 1.32 over tube no. 10 under
equivalent operating conditions. But, when both tubes were run under their optimum
efficiency conditions (best voltage-current combination), tube no. 10 gave 23.7 percent
beam efficiency as compared to 22,3 percent for tube no. 11 at 53 mA. Thus, there
appeared to be a decrease in efficiency performance by adding the positive taper to the
tube. This was not understood at the time.

In light of the present understanding of the controlling parameters, it is seen that the
length of the 61 TPI section of helix was effectively shortened by 0.75 inch by the change
that was made. This removed gain from ahead of the positive taper and prevented the
large signal section of the tube from being driven sufficiently hard. The taper did have
the effect of moving the maximum efficiency point to lower operating voltages.
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Helix Design of Tube No. 11

WJ-274 No, 12

After noting efficiency performance of tube no. 11 and restudying the phase measure-
ment data of tube no. 10 it was decided that the positive taper had been started in the
incorrect place. A decision on a new starting point was made based upon the position
along the helix of the maximum phase difference between the voltage and the current
and the position of the maximum fundamental component of the RF beam current. Con-
struction was begun on this design and proceeded to the point where helix lock-in took
place. Brazing alloy inadvertently came in contact with the helix during this process
and permanently shorted turns together. The tube could not be salvaged.

61 TPI Mas]ﬁ Mask
K —->|0.61 0.90>l

t——— 3. 00— 3.90 —

h 7.03 o

Helix Design of Tube No. 12



with input and output matches. The loss of the helix sections was measured after assem-
bly, after a furnace cycle at brazing temperature and after a vacuum bakeout at 500° C.
It was determined that the loss remained at 0.2 dB/wavelength after these operations.
This set the ground work for the construction technique used for the following two tubes.

61,3 TPI 61.3 TPI

55.5 TPI

0.59 |w——— 2 780 ——-®= 0,038 —
|

!
—»1 (.30 0.197->10.39

——— 2,66 3.37 >0, 208
e 6.145 —
-1 7.290 e

Helix Design of Tube Nos. 15 and 16

WJ-274 No, 17

This tube is patterned after tube no. 13 with a slightly longer positive taper section and
a slightly longer section of helix ahead of the positive taper. This latter effect was un-
programmed but occurred because the effective attenuator length turned out to be shorter
than planned. One other difference with respect to no. 13 is the 58 TPI input section
which was designed to give the tube more than 30 dB gain.

The body-helix construction was changed from the alloy lock-in technique to the triangu-
lated body technique where the body is deformed into a slightly triangular cross-section
to allow for helix insertion and then released to spring back and lock the helix in place
after release of the deforming forces. The pole pieces are slid onto the body after the
helix is inserted and the fit must be very carefully controlled to prevent loose pole pieces.
After assembly and processing of the tube it was found that the length of the magnet pole
piece assembly was slightly longer than planned so that the magnets fit loosely in the

pole pieces. This led to difficulty in focusing and never allowed as good focusing to be
achieved as seen in tube no. 13 where the pole pieces are brazed on. As a consequence,
the collector depressibility was not as good as no. 13.
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Helix Design of Tube No. 17

WJ-274 No. 18

This tube is very similar in design to tube no. 17 with the exception that the positive
taper section is the same length as no. 13 and the length of the helix ahead of the taper
was again intended to be the same length as no. 13 but turned out to be slightly longer.
The input helix had the same TPI as the output helix. The overall length of nos. 17 and
18 were the same. Both 17 and 18 were built simultaneously, so the design of no. 18
was not based upon the performance of no, 17. This tube also used a triangulated body
scheme for locking the helix into the body and had the same magnetic assembly and dif-
ficulties as no. 17.
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Helix Design for Tube No. 18
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